One of the important roles of temper rolling is the control of the surface roughness of a carbon steel sheet. The surface roughness is induced by imprinting a dull roll surface texture onto the rolled steel-sheet surface in the temper rolling process. When work roll-wear occurs, the roughness of the rolled sheet cannot be controlled, and the work roll surface must be reground, which affects the operational efficiency and product cost. Therefore, it is important to reduce the microwear of the work roll.
Lubrication States
The experiments are performed under the three lubrication states: dry condition, with a water-soluble lubricant, and with a mineral oil. As shown in Table 1 , the water-soluble lubricant with a kinematic viscosity of 0.690 mm 2 /s and the mineral oil with a kinematic viscosity of 4.208 mm 2 /s are employed. Table 2 shows the specifications of the 4-high rolling mill and the rolling conditions. The diameter of the work rolls is 131-133 mm. The work roll surface was dull-finished by either electric-discharged machining or shot blasting. Hereafter, these work rolls are referred to as the electric-discharged dull roll (ED roll) and the shot-dull roll (SD roll), respectively. The Ra of the ED roll surface was adjusted to be 2.1-2.3 mm and that of the SD roll was adjusted to be 1.2-1.4 mm. The diameter of the backup roll was 200 mm, and its Ra was adjusted to 0.25 mm. The hardness of the ED roll (83 Hs) is lower than those of the SD roll (89 Hs) and the backup roll (85 Hs). The rolling speed was set at 50 m/min. The strain rate of this rolling speed is equivalent to that obtained with the actual rolling mills with a work roll diameter of 550 mm at a rolling speed of 200 m/min. The inlet and outlet tensions were set at 32.4 MPa and 47.1 MPa, respectively, which are equivalent to those of actual rolling mills. In addition, to evaluate the effect of tension on roll microwear, the inlet and outlet tensions were tentatively changed to 9.8 MPa (i.e., minimum tension necessary for stable rolling) and then to 47.1 MPa at inlet and 58.8 MPa at outlet (i.e., higher than those of actual rolling mills). The target reductions were set at 1.0 % and 3.0 %.
Temper Rolling Conditions

Observation of Roll Surface
The work roll surface was directly observed using a laser microscope. Before rolling, marks were put on the surface of the whole steel strip at intervals of 300 mm. On the microscope image (whose range is 0.35ϫ0.30 mm), the focused image was recorded by shifting the stage in the Z-axis direction (roughness direction), and the recorded image was converted into three-dimensional profile data. On the basis of the obtained data, such as Ra, the three-dimensional profile, cross-sectional profile, and material ratio curve, the roll microwear was evaluated.
Measurement of Roll Microwear
The roll microwear is evaluated by the residual Ra ratio defined by the following formula:
Residual Ra ratio (%) ϭRa after rolling/Ra before rollingϫ100
Experimental Results
Effect of Dull Finishing Methods of Work Roll
Using the ED roll and the SD roll, the as-annealed highcarbon steel strips are dry-rolled for 240 m. The microwear of work rolls was observed before rolling and after 80 m and 240 m of rolling. The rolling lengths of 80 m and 240 m in this 4-high rolling mill correspond to those of 333 m and 1 000 m in actual rolling mills, respectively, with a roll diameter of 550 mm. Figure 1 shows the roll microwear of both rolls. After 80 m of rolling, the roll microwear of the ED roll is greater than that of the SD roll. The residual Ra ratios of the ED roll and SD roll are 66 % and 94 %, respectively. Among all of the lubrication states, no significant differences are observed in the roll microwear between 80 m and 240 m of rolling. Figure 2 shows the laser microscope images of the ED roll and the SD roll. RD in this figure indicates the rolling direction. After 80 m of rolling, the surface textures of both rolls are different from those before rolling. However, after 240 m of rolling, the surface textures of both rolls are the same as those after 80 m of rolling. These tendencies can be confirmed from the three-dimensional profiles shown in Fig. 3 . Figure 4 shows cross-sectional profiles of the ED roll and the SD roll before and after rolling. Peaks of the ED roll are flattened owing to wear. Although peaks of the SD roll are also flat, there is less wear than observed on the ED roll. Figure 5 shows the material ratio curves obtained using three-dimensional pro- file data. After 80 m of rolling, the Rmr (c) of both rolls near the Rp (maximum profile peak height) is less than that before rolling. Moreover, the microwear of the Rp of the ED roll is less than that of the SD roll.
Effect of Lubricants on Roll Microwear
3.2.1. Microwear of ED Roll after Rolling High-carbon Steel The as-annealed high-carbon steel strips were rolled with the ED roll under the three lubrication states. Figure 6 shows the roll microwear of the ED rolls. After 80 m of rolling, the work roll microwear is the greatest under the dry condition. The residual Ra ratio after dry rolling is 65 %, and the residual Ra ratios in the cases of the watersoluble lubricant and the mineral oil are 70 % and 85 %, respectively. Under all lubrication states, no significant differences are observed in roll microwear between 80 m and 240 m of rolling. Figure 7 shows the laser microscope images of the ED rolls. Under all lubrication states, the images of the rolls after rolling differ from those before rolling. However, the surface textures of the rolls after 240 m of rolling are the same as those after 80 m of rolling. This finding can be confirmed by the three-dimensional profiles shown in Fig. 8 . Figure 9 shows the cross-sectional profiles. Peaks of the ED roll are flat owing to wear under the dry condition and when using the water-soluble lubricant. Meanwhile, only the top of the peaks of the ED roll is worn down when using mineral oil, and a sharp tip still remains. Figure 10 shows the material ratio curves. Under all lubrication states, Rmr (c) near Rp after 80 m of rolling is less than that before rolling. Moreover, the Rp of the ED roll under the dry condition decreases the most, followed by that in the case of the water-soluble lubricant. Therefore, the Rp of the ED roll decreases the least when using mineral oil.
3.2.2. Microwear of ED Roll after Rolling Low-carbon Steel As-annealed low-carbon steel strips are rolled using the ED roll under the three lubrication states. Figure 11 shows the roll microwear after rolling. After 80 m of rolling, the roll microwear after dry rolling is greater than that obtained with the use of water-soluble lubricant or mineral oil. The residual Ra ratio in dry rolling is 85 %. Meanwhile, with the water soluble lubricant and the mineral oil, it is 95 %. Figure 12 shows the laser microscope images of the rolls. After 80 m of rolling, under all lubrication states, the wear of the peaks of the rolls is greater than that before rolling. However, the roll peaks after 240 m of rolling is not different from those after 80 m of rolling. Figure 13 shows the material ratio curves. After rolling for 80 m, the Rmr (c) near the Rp is less than that before rolling under all lubrication states. Moreover, dry rolling causes a larger change in the Rp than when the water-soluble lubricant and mineral oil are used. These tendencies are the same as those of the as-annealed high-carbon steel strip.
Microwear of SD Roll after Rolling High-carbon
Steel As-annealed high-carbon steel strips are rolled with the SD roll under the three lubrication states. SD roll is less than that of the ED roll.
Effect of Tension
Under the tension corresponding to the three conditions, as-annealed low-carbon steel strips are rolled with the SD roll under the dry condition or with the water-soluble lubricant. Figure 15 shows the microwear of the work rolls after rolling. After 80 m of rolling, the roll microwear when using the water-soluble lubricant is small under every tension other than that of the dry condition. After the rolls are rolled for 80 m under the dry condition, the roll microwear changes in accordance with the tension; namely, the wear increases as the tension decreases. 
Discussion
Under all of the lubrication states, all the work rolls are worn down during the first 80 m of rolling, then, no significant difference in roll microwear is observed between 80 m and 240 m of rolling. The material ratio curve confirms that the work roll peaks wear out during rolling. The roll microwear is believed to occur as a result of contact with the backup roll and with the rolled steel.
The rolling force using the ED roll at the rolling reduction of 3 % under dry rolling is 1 100 N/mm for the highcarbon steel and 650 N/mm for the low-carbon steel. The average Hertz contact stress between the backup roll and the work roll, which is obtained from the rolling force, is 391 MPa for the high-carbon steel and 300 MPa for the low-carbon steel. However, since the actual contact area is smaller, the actual contact pressure is considered to be higher than the obtained values. The average rolling pressure is 408 MPa for the high-carbon steel and 267 MPa for the low-carbon steel. Therefore, roll microwear is believed to occur as a result of the contact between the work roll and the backup roll and between the work roll and the rolled steel.
Roll Microwear Caused by Contact between Work
Roll and Backup Roll The microwear of the ED roll is greater than that of the SD roll. The rolls used in this study are ground under the same conditions and then dull-finished in different ways. The SD roll is dull-finished by shot blasting, due to which work hardening occurs. Conversely, work hardening does not occur in the ED roll during dull-finishing. Consequently, the hardness of the SD roll is 89 Hs and that of the ED roll is 83 Hs. The hardness of the backup roll is 85 Hs. Because the ED roll is in contact with the backup roll, the amount of microwear on the convex tip of the ED roll is greater than that on the convex tip of the SD roll.
For the ED roll, the roll microwear when using the watersoluble lubricant and the mineral oil is less than that under the dry condition. Under the dry condition, the ED roll comes into direct contact with the backup roll, which had greater hardness. When the rolls are rolled with mineral oil, an oil film forms owing to its high-pressure viscosity. This oil film inhibits roll microwear. Although an oil film does not form during rolling with the water-soluble lubricant, it is presumed that the adsorption film of additives (carboxylic-acid with alkanol-amine) reduces the roll microwear.
Microwear Caused by Contact between Roll and
Rolled Steel When temper rolling is performed using the ED roll with low hardness, the microwear of the work roll is greater for the high-carbon steel than for the low-carbon steel. The rolling force obtained with the ED roll at a rolling reduction of 3 % under the dry condition is 1 100-1 120 N/mm for the high-carbon steel and 650-710 N/mm for the low-carbon steel. The roll microwear of the high-carbon steel is larger than that of the low-carbon steel strip, because the high-carbon steel requires a higher rolling force than the low-carbon steel. Even when rolling the high-carbon steel, the use of the water-soluble lubricant and the mineral oil results in less roll microwear than that under the dry condition.
On the basis of the above results, the surface imprinting accuracy can be improved, and the service life of the roll can be prolonged by adjusting the high-pressure viscosity and the lubrication ability of lubricants.
Conclusion
The roll microwear was evaluated under three lubrication states using a 4-high rolling mill. Temper rolling experiments for as-annealed high-carbon steel strips and as-annealed low-carbon steel strips were conducted in the reduction range of 1 to 3 %. The experiments were performed under three lubrication states: a dry condition, with a watersoluble lubricant, and with a mineral oil. An electric-discharged dull roll (ED roll) and a shot-dull roll (SD roll) were employed as work rolls. Surface textures of the rolls were observed directly. The following results were obtained.
(1) The peaks of the work roll surface texture are found to be worn when a total contact length between roll and strip reaches 80 m. No significant difference is observed in the roll microwear between 80 m and 240 m of rolling.
(2) The microwear of the ED roll is greater than that of the SD roll, and the roll microwear of the as-annealed highcarbon steel strip is greater than that of the as-annealed low-carbon steel strip. The use of the water-soluble lubricant and the mineral oil results in less microwear of the roll than that under the dry condition.
(3) The influence of tension on the roll microwear is less with the water-soluble lubricant than under the dry condition.
